The success or failure of a material when implanted in the body is greatly determined by the surface properties of the material and the host tissue reactions. The very first event that takes place after implantation is the interaction of soluble ions, molecules and proteins from the biological environment with the material surface leading to the formation of an adsorbed protein layer that will later influence cell attachment. In this context, the particular topography and surface charge of a material become critical as they influence the nature of the proteins that will adsorb. However, very limited information is available on the surface charge of porous substrates. Only until very recently the determination of the zeta potential on porous membranes has been accurately determined. The goal of this work was to implement the previous findings for the determination of the zeta potential of a series of porous hydroxyapatite (HA) substrates and to assess how porosity affects the measurements. In addition, studies using various electrolytes were also performed to prove how the specific affinity of certain ions for HA can further impact surface charge. The results showed that all materials exhibited very similar external surface charge (~ -23 mV), consistent with their almost identical topographies.
INTRODUCTION
In vitro and in vivo studies have identified nanoscale and microscale features of biomaterials as key modulators of cellular behavior making them a powerful tool in the design of cell instructive biomaterials. [1] [2] [3] Cells of typically tens of microns in diameter, with filopodia with diameters in the nanorange, are known to interact with the micro-and nano-features present on the surface of biomaterials, influencing cell adhesion and cellular function. 1, 4 However, interaction never occurs directly with the bare surface of the material but through the protein layer that immediately adsorbs on the materials' surface upon implantation. 5 The composition, relative concentration, orientation and conformation of the adsorbed proteins are also features that will definitively influence cell behavior. 6, 7 In general it is difficult to discriminate if the cells directly respond to surface topography or they indirectly react to the nature of the adsorbed protein layer.
In this already complex scenario, besides the possible influence of topography on protein adsorption by sieving large proteins off or concentrating smaller proteins favoring their adsorption, the chemistry of the underlying material actively participates in the selection of the adsorbed proteins.
Among the wide range of biomaterials used for bone regeneration, hydroxyapatite (HA) with close resemblance to the mineral phase of bone, has long been recognized as an excellent bone substitute owing to its biocompatibility, osteoconductive properties and bioactivity. Although hydroxyapatite has very well-known affinity for proteins -as proved from the wide use of chromatographic HA columns for protein separation- [8] [9] [10] , the selectivity in protein adsorption is greatly determined by the surface charge that HA develops in the physiological environment.
The hexagonal crystallographic system in which biological hydroxyapatite is believed to crystallize, i.e. P63/m, has two main associated crystallographic faces with notably different surface charge. Prismatic ac and bc planes with predominance of Ca ions are positively charged surfaces (Ca-sites) while basal ab planes through the presence of phosphate groups (P-sites) and hydroxide ions are negatively charged. 8, 11 The work by Kandori et al. put forward, through systematic protein adsorption studies on hydroxyapatite particles of increasing length, the preferential adsorption of acidic proteins on Ca rich ac, bc crystal surfaces and that of basic lysozyme on ab surfaces rich in P-sites. 11 Similar conclusions were later confirmed by Zhuang et al. 12 From a different perspective, but in line with the importance of electrical charges, Baxter et al.
studied polarized HA substrates. 13 The application of an electric field on HA at high temperature either positively or negatively charged, have a better influence on cell behavior, it is clear that polarized surfaces can induce different cell behavior when compared to non-polarized ones. [14] [15] [16] It is believed that the surface charges built by polarization encourage ion and protein binding of essential constituents on the surface of the biomaterial needed for cell attachment and growth. 16 Ohgaki et al. justified an observed greater cell growth on negatively polarized surfaces by the adsorption of Ca and the subsequent attraction of cell adhesion proteins, such as integrins, fibronectin, and osteonectin, which show divalent cation-dependent ligand binding. Upon anchoring of cell adhesion proteins, cell adhesion would follow. On the contrary, they reasoned that the adsorption of negative anions on positively polarized surfaces acted as antiadhesive cues, minimizing cell adhesion. 16 The importance of surface charge has also been put forward in the design of nanoparticles (NPs) for cell internalization purposes (e.g. drug delivery or gene therapy). Many studies have observed that positively charged NPs can be internalized to a greater extent than negatively charged NPs and this has been explained by the electrostatic affinity between the negative charge on the cell membrane and the positively charged NPs. [17] [18] [19] Although there are many examples supporting the important role of surface charge in mediating/controlling cellular events, this greatly contrasts with the limited available data
reporting such values on bulk solid surfaces. Unlike for the case of colloidal systems, the surface charge of solid surfaces has hardly been reported, mainly because commercial instruments only became available in the late 1980s. Moreover, recent advances in the determination of the surface charge of membranes for filtration purposes have put forward that measurements in porous materials could have been misinterpreted if the contribution of the pores to the streaming current was not considered. It has not been till 2010 that Yaroshchuk and Luxbacher provided appropriate formulas to accurately characterize the surface charge of porous samples. 20 The importance of both porosity and surface charge in the design of bulk biomaterials for bone regeneration applications, together with the lack of studies in the field has motivated the present work. For this purpose biomimetic hydroxyapatite substrates with controlled micro and nanoporosity have been thoroughly characterized in terms of surface charge (zeta potential). In addition, different electrolytes have been used in the measurements to account for the specific interaction of relevant ions present in the biological environment with the material surface. 
MATERIALS AND METHODS

Preparation and characterization of biomimetic hydroxyapatite surfaces
Zeta potential measurements
Theory
Surface charge refers to the charge that spontaneously develops on materials as the result of their reaction in solution (i.e. ionization of functional groups, ion adsorption, etc.). Although strictly speaking surface charge cannot be experimentally measured, the most meaningful and measurable parameter to best describe the charging behaviour at interfaces is the zeta potential the zeta potential refers to the charge at the interface between these two layers.
In spite that the calculation of zeta potential dates back to the 19 th century, the experimental determination of the zeta potential on bulk surfaces has experienced many advances only in the last years. One of the typical measuring configurations consists in the tangential measurement of the streaming potential/current, which is generated by forcing a liquid to flow in the channel between two flat samples that are facing each other. [21] [22] [23] [24] [25] This flow pulls the charges of the diffuse layer, generating a potential/current that relates to the zeta potential through the wellknown equation derived by von Helmholz and von Smoluchowski (Eq. 1):
Where I str is the streaming current, ∆ is the measured streaming current coefficient, L is the length of the channel formed by the two flat surfaces facing each other and A is its cross-section, A=W·H, W being the channel width and H the channel gap height; η and  are the viscosity and dielectric coefficient of the electrolyte solution respectively, and  0 is the vacuum permittivity.
Although used with great success, this formula implicitly assumes that the material has impermeable walls i.e., it is non-porous. The problem with porous samples, with open pore structures, arises because part of the fluid that is forced in between the two samples travels also through the porous material generating a "parasite" current/potential that adds to that of the channel, masking the results. 24, 26, 27 In this case, Eq.1 no longer holds, and it should be replaced by the equation proposed in 2010 by Yaroschuck and Luxbacher 20 (Eq. 2).
where I str C and I str P are the streaming currents generated within the channel and inside the porous structure respectively, H is the gap height (channel height), H P the thickness of the porous sample, the porosity of the sample and ζ internal and ζ external the effective zeta potential of the inner pore structure and the external surface, respectively.
The contributions of I str C and I str P translate into two independent zeta potentials, an external zeta potential that describes the material surface charge and an internal zeta potential that accounts for the charge within the inner porous structure. Thus, the so-called "parasite" current in porous structures represents an internal zeta potential by itself. 20, 22, 27 In spite of the complexity that adds the incorporation of the internal zeta potential in Eq. 3, the equation can be easily solved owing to the linear dependence between the streaming current coefficient ( ∆ ) and the gap height (H). Thus, performing analysis at different gap heights (Eq.
3) results in a linear relationship that allows one to determine separately the contributions of the external surface (slope of the linear fit) from that of its porous structure (offset value). 
Measuring procedure
A SurPASS electrokinetic analyzer (Anton Paar GmbH) was used to perform zeta potential analyses by means of streaming current measurements at various distances (gap heights) between adjacent sample surfaces.
Preparation of the samples was carried out without drying the material in the following way.
At least 4 days after cement setting, the flat samples were transferred into petri dishes containing enough Milli Q water (18 MΩ·cm, Q-POD from Millipore) to maintain wet the surfaces that had to be measured, while allowing to gently wipe the opposite surfaces which were glued onto a couple of 20 x 10 mm 2 holders (Super Glue-3, Loctite). A surgical blade was then used to make a superficial cut on the borders of the sample that exceeded the holder dimensions to help breaking the excess of material. The samples were then mounted in the adjustable-gap cell. A micrometric screw was used to manually adjust the distance between both sample surfaces to the desired gap height (H). Typically, measurements were performed at various gaps in the range of 80-120 µm to ensure well-developed laminar flows, a prerequisite indispensable for channel height determination. 28 Prior to the measurement, 500 mL of 0.001 M KCl (Panreac, 131494.1210) solution freshly prepared with conductivity ~150 µS·cm -1 and pH=6 ± 0.3, was circulated through the channel for sufficiently long time (typically between 15-45 min) to allow for sample equilibration. The conductivity, temperature and pH value of the electrolyte solution was continuously monitored.
The slope and offset values in Eq. 3 were obtained by streaming the electrolyte solution across the channel gap (i.e., measuring ∆ at different gap heights). This was achieved by increasing the pressure linearly from 0 to 300 mbar in alternating directions. Measurements were done with a pair of Ag/AgCl electrodes with a nominal surface area sufficiently large to minimize any electrode polarization during measurement -the alternating flow also helped minimizing polarization-. In addition, cell conductance data were also obtained at each gap from electrical resistance measurements using the same pair of electrodes. Figure 1C as a function of gap height. The streaming current coefficients for this linear dependence i.e., offset and slope, are essential to determine the internal and external zeta potential values respectively (Eq. 3). In Figure 1D conductance is plotted against gap height. In this case, the offset and slope of the linear fit correspond to pore conductance and electrolyte conductivity (the slope is half the value of the conductivity), respectively. To ensure quality of all measured samples the following aspects had to be fulfilled:
 Linear dependences of streaming current and volume flow on the differential pressure ( Figure 1A and B).
 Close values for the offset and slope coefficients in the two flow directions (Figure1B).
 Correspondence between measured and calculated electrical conductivity. The former was monitored throughout the experiment using a conductometer while the latter value was derived from the slope of the conductance versus gap height plot ( Figure 1D ).
This latter point was found particularly crucial as it helped determining the presence of air entrapped within the porous structure. Strong deviation between both values (> 20 µS·cm -1 ) was a sign for air entrapment and the measurement was discarded. The presence of air had to be prevented as it was found to greatly affect all derived parameters conductance, ζ internal and ζ external .
Measurement under different electrolyte solutions
To gain understanding on the affinity of ions for hydroxyapatite and their effect on surface charge, streaming current measurements were performed using different electrolytes: phosphate 
RESULTS AND DISCUSSION
Preparation of hydroxyapatite bulk materials via biomimetic approaches is attracting great interest as it provides materials with close similarity, both in composition and structure, to the mineral phase of bone. One such route is to use cementitious reactions involving the hydrolysis of alpha-tricalcium phosphate (α-TCP). In this specific context we prepared a series of substrates of identical composition, i.e. hydroxyapatite, but with different porosities. Underneath the surface, however, aggregates would be more or less packed depending on the L/P ratio. This microstructure, typical of cements prepared by hydrolysis of α-TCP, is explained by the fact that hydrolysis takes place on the surface of each α-TCP particle. Thus, increasing the L/P ratio would only separate the different aggregates, yet each of them would still be composed of the typical plate-like crystals. 29 Mercury intrusion porosimetry curves are in good agreement with the trend observed for the different L/P ratios (Figure 2) . The largest peak in the bimodal profiles corresponds to the channel-like network in between aggregates while the broader and smaller peak accounts for the pores between plate-like crystals. As the L/P ratio decreases, packing between aggregates increases and eventually the peak disappears if aggregates become too closely packed, i.e. for L/P 0.35. Even though differences in porosity and pore size distribution among L/P ratios were readily visible when analyzing the bulk sample, the surface morphology of the materials remained rather unaffected. This was probably an artifact of sample preparation during casting and spreading of the material in between the Teflon sheets.
We used these materials as a platform to investigate surface charge, which is a very relevant yet seldom reported property in bulk solid samples. Moreover, since porosity is key in the design of biomaterials this was taken the main focus of the present work.
Zeta potential of hydroxyapatite substrates with different porosities
As mentioned above, the recent work by Yaroshchuk and Luxbacher 20 has made possible to measure the surface charge of porous materials based on streaming current measurements at different gap heights (Eq. 3). 22, 25, 27 In their study the authors also stressed that for porous samples (with an open and hydraulically exposed pore structure) surface charge needs to be described in terms of an external and an internal zeta potential as was already discussed. The former would describe the surface charge of the material surface itself and the latter the surface charge of the underlying pore structure ( Figure 3B ).
The complexity in the analysis of the surface charge of porous samples is easily understood from the measuring configuration (Figure 3) . In tangential measurements samples are placed facing each other at a specific gap through which liquid is streamed. As already stated, when the sample is porous, part of the flow can go through the sample generating the so called "parasite current" that adds to the current along the gap. The measuring instrument, unable to separate both contributions, will only read a single current that will be the sum of the current generated along the gap and that within the porous sample. Thus, the resulting value for surface charge might become significantly distorted. On the other hand, isolation of the current inside the porous sample generates an internal zeta potential (ζ internal ), which can have great impact in the interpretation of surface charge behavior in porous biomaterials ( Figure 3B ). Deriving now the results of the measurements performed at the different gap heights (Figure 4) we obtain the results displayed in Figure 6 . The slope and offset of the linear fits (Figure 4 ) allow to separately determine the internal and external zeta potential, which provides a more coherent value in the external zeta potential for all samples. Indeed, the almost identical texture predicts a similar value, which is now obtained after correcting the values from the internal current flowing through the porous sample.
Values of zeta potential for HA are readily available from the literature but unfortunately there is a large variability which mainly arises from differences in measuring conditions (e.g. electrolyte composition, ionic strength or pH), different sample composition/structure and from different measuring configurations (e.g. values obtained from electrophoretic mobility measurements versus tangential/transversal streaming potential/current measurements). [30] [31] [32] [33] [34] In spite of the large variability, it has been gaining consensus that synthetic HA has an isoelectric point (IEP) between pH 5-7. 30, 35 The sign of the zeta potential obtained in the present work is negative at pH 6 which is consistent with the IEP. The magnitude of ~-23 mV, however, differs among works. Since the surface charge of a mineral is determined by the concentration of the socalled "potential determining ions" in solution which, in the case of apatite are the lattice ions and their reaction products with water, 30 it is understandable that the synthesis route of HA and the measuring conditions (e.g. pH and electrolyte nature) would be critical dictating the materials' surface charge. In the present work the good agreement between the external morphology observed for all different cements -prepared using the same reagents and measured under identical conditions-and the almost identical values in external zeta potential confirms the hypothesis that the contribution of the parasite current need to be removed to unveil the real value. Interestingly, the parasite current in the porous sample results in an internal zeta potential that changes depending on sample porosity (L/P). Since the structural unit in the building of cements can be seen as an aggregate of plate-like crystals ( Figure 3B ), and L/P only dictates the packing density of aggregates, it seems reasonable to ascribe the increase in internal zeta potential to porosity and pore size. With an increase in the liquid to powder ratio of the sample, the internal zeta potential becomes less negative.
It seems unreasonable to assume that higher porosity introduces a smaller contribution of streaming current inside pores. This assumption is in contradiction to the observed pore conductance and to the series of microfiltration membranes with uniform chemistry but increasing pore size reported by Yaroshchuk and Luxbacher. 20 We thus interpret the higher internal zeta potential for L/P 0.55 mL·g -1 by a difference in the ionic environment of superficial HA and HA inside pores. Inside the pores, ions released owing to partial dissolution of HA would become more concentrated in the interior of the sample than on the surface where ion diffusion/convection would more easily occur. This local high ionic strength would explain the reduction in the magnitude of the -still negative -zeta potential inside the pores. For materials with smaller interconnected porosity i.e., L/P 0.35 mL·g -1 , the accessibility of the aqueous solution is limited to the near-surface porous structure and so the contribution of the interior becomes less obvious. When increasing L/P, permeation of liquid to the pore surface buried underneath the external cement surface reveals more strongly the differences in charging behavior.
One essential aspect related to the calculation of the internal zeta potential in Figure 6 was the estimation of current penetration within the samples. Indeed, the internal zeta potential is linked to the thickness of the sample penetrated by the current (Hp in Eq. 3). For highly porous materials with well interconnected pores this refers to the full sample thickness, yet, for cements, even if they are porous, pore size is too small (Figure 2 ) to envisage full sample penetration. 29 Thus, flow penetration had to be estimated. This was done by making use of conductance analysis, in particular, of the conductivity reduction factor that relates to the material porosity (Eq. 4) as follows. Although the calculation of the flow penetration depth within the samples allows for a more reliable internal zeta potential determination, this value (ζ internal ) should only be taken as apparent because of potential overlap of diffuse parts of the electric double layer inside the pores (the electric double layer is around 10 nm for a 0.001 M electrolyte composed of monovalent ions).
In fact, Eq. 2 was derived assuming that both, the channel height and the pores of the sample are large with respect to the electric double layer. This condition is easily fulfilled in the channel gap where the 80-120 µm of gap height largely exceeds the few nanometers of the electric double layer but may not necessarily be true inside the porous material depending on pore size. Thus, the internal zeta potential should be viewed as an apparent or approximate value. For the determination of the external zeta potential, since the gap height is large enough, no overlapping of the double layer occurs thus fulfilling the conditions for validity of the HelmholtzSmoluchowski equation. Moreover, changes in the flow conditions inside the porous material when compared to that of the gap could also lead to changes in the magnitude of the calculated internal zeta potential -but not in the sign-reinforcing the "apparent" character of the internal zeta potential.
Taken together all these results, it is evident that streaming current measurements at different gap heights are essential for the accurate determination of the surface charge of porous materials.
In addition to allowing the accurate determination of the external zeta potential of materials, the presented approach provides an internal zeta potential that estimates the surface charge of the pore walls underneath the surface. In the biomaterials field, where texture and porosity are widely used strategies to modify protein adsorption and cell behavior, the consideration of the effect of porosity on the determination of surface charge, can have great repercussion and deserves in-depth investigation.
Zeta potential of hydroxyapatite substrates in different electrolytes
In addition to texture, the chemistry of the material has commonly the greatest impact on surface charge. Hydroxyapatite, in particular biological apatite, is well known for its capacity to exchange surface ions with the surrounding fluids. In fact, its surface is considered as a reservoir for mineral ions that may entrap or release ions depending on biological demand. 36 This reactivity has been investigated in various fields for the removal of heavy metals from waste water or soils, [37] [38] [39] as well as in biomedical applications for the activation of apatite surfaces through the selective exchange of surface calcium ions with biologically-active cations such as Mg 2+ or Sr 2+ . 36, 40 The facile ionic exchanges that hydroxyapatite undergoes have essentially been explained by the existence of a metastable hydrated layer on the crystal surface containing loosely bound ions. 41 Recent works have put forward that through the presence of this layer, ionic exchanges become very fast and easy in addition of being reversible. 36, 40 The presence in the biological milieu of a wide range of ions and the inherent reactivity of hydroxyapatite surfaces for ions, questions the relevance of surface charge measurements performed in environments far from the physiological situation. In an attempt to prove ion adsorption selectivity, we have performed surface charge measurements using different electrolytes. Studies carried out on HA nanoparticles suspensions had shown a great effect depending on the type of ion. One interesting fact that would deserve further investigation is whether Ca and Mg become incorporated in the hydrated layer of the crystals or they simply adsorb on the crystal surface without mediation of this layer. The reported behavior that ions once incorporated in the hydrated layer cannot be removed by dilution (they could however be exchanged by other divalent ions), 42 questions its presence in our studies. We have observed that after measuring the surface charge in CaCl 2 electrolyte if we rinse the samples with KCl (note that monovalent ions do not incorporate in the hydrated layer) 42 and measure the surface charge again, we could almost recover the values already obtained for KCl.
In spite of this latter issue that will need further investigation, it is clear that the presence of certain ions in the electrolyte, e.g. divalent cations, can significantly affect surface charge. Thus, even if the zeta potential of the materials have been accurately determined using KCl as electrolyte, the complex cocktail of ions in the biological milieu with potential affinity for hydroxyapatite need to be better understood to help predicting subsequent protein adsorption and cell behavior. Indeed, even if the nature of the adsorbed proteins is crucial for cell behavior, this is believed to be preceded by an interfacial water layer containing low molecular weight solutes such as ions and aminoacids. 
CONCLUSIONS
This work proves that streaming current measurements represent a very convenient way of determining the surface charge of bulk porous biomaterials. An internal and external zeta potential has been derived accounting for the surface charge of pore surface the former, and the surface charge of the materials surface the later. The similar surface morphology for all materials led to similar external zeta potential while the different degree in interconnected porosity in the bulk of the samples let to differences in internal zeta potential and pore conductance.
Additionally, studies with different electrolytes revealed strong affinity of divalent cations for hydroxyapatite, which greatly affected internal and external surface charge. This work thus put forward that both the materials topography and the choice of relevant electrolyte solutions need to be accounted in the analysis of the surface charge of biomaterials.
